Studies in single cell transcriptomics have significantly expanded our understanding of tumor biology, including recent analyses in head and neck squamous cell carcinoma. Here, we focus on the role of a partial epithelial-to-mesenchymal (EMT) program in these tumors, with discussion of its dynamics, regulation, and implications for diagnostic and therapeutic approaches. Decades of research has begun uncovering programs that drive tumor growth, invasion, and metastasis, with significant progress based on whole exome and genome sequencing approaches.
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1 While large-scale datasets across hundreds of patients have proven invaluable, insight from these approaches is limited by use of bulk tissues. As a result, these techniques do not allow gene expression profiles for distinct cell types to be distinguished, leaving open the question of whether an upregulated or downregulated gene is arising from malignant cells versus the surrounding stroma or immune infiltrates. This is particularly problematic in cases where cancer cells express programs also associated with stroma (e.g. mesenchymal genes) or immune infiltrates (e.g. inflammatory signatures). In addition, bulk approaches do not allow the description of distinct malignant subpopulations with diverse gene expression and cellular states, thereby missing intra-tumoral heterogeneity. However, increasing evidence suggests intra-tumoral heterogeneity among malignant cells, and their interactions, are important for diverse aspects of tumor biology and patient survival.
Recent improvements in single cell transcriptomics provide a method for the detailed characterization of gene expression states in individual cells. These approaches can be applied to tissue samples, providing a direct, unbiased analysis of intratumoral heterogeneity and offering clarity over long-standing questions in oncology. Our previous single cell work in human glioma has highlighted expression heterogeneity that underlies cellular hierarchies of cancer stem cells and differentiation, [2] [3] [4] while studies in melanoma have shed light on drug resistance programs and immune responses. 5 However, until recently, detailed single cell studies of epithelial tumors and the process of metastasis were lacking.
A persistent challenge in oncology relates to understanding the mechanisms by which epithelial cells may lose their attachments to the underlying extracellular matrix, invade the basement membrane, and ultimately metastasize. Epithelial-tomesenchymal transition (EMT) -which occurs during normal development and wound healing -may be co-opted in human tumors 6 to drive tumor spread. However, the reliance on animal models and individual EMT marker genes has limited the ability to confidently identify and characterize EMT in human tumors, with its significance in metastasis still unproven. Furthermore, many studies have failed to detect EMT, or argue that EMT is not required for metastasis, leading to significant controversy in oncology.
To address these challenges, we recently utilized single cell RNA-seq to characterize head and neck squamous cell carcinoma (HNSCC) -one of the more common epithelial tumors. 7 Through unbiased analysis of the malignant cells we identified an EMT-like expression program. This program included several classical EMT markers (such as podoplanin (PDPN), vimentin (VIM), and integrin alpha-5 (ITGA5)), many extracellular matrix genes traditionally associated with EMT (matrix metalloproteinases, integrins and laminins), and Transforming Growth Factor Beta (TGFb) Induced (TGFBI), consistent with the role of TGFb signaling in EMT (Fig. 1) . Apart from direct proof for the presence of an EMT-like process in human malignant cells, this work highlighted four important points that may clarify the role of EMT in cancer.
First, EMT-like cells maintained expression of epithelial markers (e.g. multiple cyto-keratins) and did not express most of the transcription factors considered to be EMT master regulators, with the exception of SNAI2 (Snail2, also known as Slug). Interestingly, recent studies suggest that SNAI2 may be the first transcription factor upregulated in EMT, 8 raising the possibility that this program is a partial EMT (p-EMT), rather than full EMT. In addition, in vitro analyses suggested that cells dynamically transition between p-EMT and non-p-EMT states, with TGFb acting as a potent stimulus for this transition. Thus, consistent with prior studies, 6 EMT in oncology may be more of a spectrum than suggested in classical EMT models from developmental biology (Fig. 1) . Accordingly, analysis of "full-EMT" markers in cancer may be misleading and could underlie some of the discrepancies in the field.
Second, the mesenchymal program previously described by the Cancer Genome Atlas (TCGA) and thought to be expressed by cancer cells was shown to be expressed by non-malignant mesenchymal cells, namely fibroblasts and myocytes. Since these are "true" mesenchymal cells -while malignant cells appear to have only a partial mesenchymal profile -the non-malignant mesenchymal profiles overshadowed the malignant ones. Accordingly, tumors with a high frequency of non-malignant mesenchymal cells had high expression of mesenchymal programs in bulk profiles, leading to their classification as a mesenchymal subtype, regardless of the state of the malignant cells. This highlights the limitations of bulk tissue analyses and the caution required when interpreting bulk profiles. Notably, other studies suggest that a similar conclusion can be made in colon cancer, 9 raising the possibility that mesenchymal programs described in diverse cancer types have been confounded by the presence of non-malignant mesenchymal cells.
Third, p-EMT was found in a subset of patient samples, suggesting that the controversy around EMT may also reflect tumor-specific biology. P-EMT was found in seven tumors corresponding to the "malignant basal" HNSCC subtype (formerly divided into basal and mesenchymal due to non-malignant cells 1 ), and in this subtype the p-EMT state was predictive of invasion and metastasis. However, three tumors corresponding to the atypical and classical HNSCC subtypes lacked the p-EMT program, and analysis of TCGA data further supported the lack of p-EMT in those HNSCC subtypes. Thus, the underlying genetics and molecular subtype of a tumor may determine the presence and significance of EMT in human tumors (Fig. 1) . Notably, atypical and classical subtype tumors metastasize at comparable rates to the malignant-basal subtype tumors, warranting further studies of their metastatic process. A form of EMT might still exist in those tumors, but could be rare and hence not captured in the current analysis. Alternatively, EMTindependent mechanisms may govern their spread, such as collective cell migration of cells. 10 Fourth, although p-EMT was correlated with the presence of lymph node metastasis, direct comparison of such metastases to their primary tumors showed highly similar expression patterns, both with respect to p-EMT and to other genes. Thus, no "metastasis signature" could be identified. If expression of particular genes (e.g. p-EMT) facilitates metastasis, then once the metastases are formed their expression appears to revert back to the levels in the primary tumor, consistent with the idea that EMT is followed by the opposing mesenchymal-epithelial transition (MET). 6, 10 This highlights another challenge in studying the role of EMT in cancer and calls for further analysis of circulating tumor cells (CTCs) (Fig. 1) . Future studies investigating these major questions, as well as single cell studies of other human tumors will be essential: A detailed understanding of intra-tumoral heterogeneity is likely to identify novel diagnostic biomarkers, such as those of p-EMT, as well as potential therapeutic targets.
